Abstract As proteins are key molecules in living cells, knowledge about their structure can provide important insights and applications in science, biotechnology, and medicine. However, many protein structures are still a big challenge for existing high-resolution structure-determination methods, as can be seen in the number of protein structures published in the Protein Data Bank. This is especially the case for less-ordered, more hydrophobic and more flexible protein systems. The lack of efficient methods for structure determination calls for urgent development of a new class of biophysical techniques. This work attempts to address this problem with a novel combination of site-directed spin labelling electron spin resonance spectroscopy (SDSL-ESR) and protein structure modelling, which is coupled by restriction of the conformational spaces of the amino acid side chains. Comparison of the application to four different protein systems enables us to generalize the new method and to establish a general procedure for determination of protein structure.
Introduction
Proteins are key molecules in cells of living organisms, including human beings. Knowledge about protein structure and function provides important insights and practical applications in medicine, agriculture, nutrition, and industry (Lehninger et al. 2005) . The most powerful techniques of protein structure determination are X-ray crystallography and nuclear magnetic resonance (NMR) spectroscopy. Nevertheless, for proteins that are difficult to crystallize, or to concentrate, very limited structural information is available. Therefore, it is not surprising that determination of the structures of membrane proteins is one of the most challenging fields of structural biology and structural proteomics (Lacapere et al. 2007; Torres et al. 2003) . Because of the very heterogeneous environment in which they are found, classical methods have difficulties with
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determination of the structure of membrane proteins. In fact, less than 1% of known protein structures correspond to membrane proteins, although one-third of all proteins are membrane proteins (White 2009 ).
X-ray crystallography and NMR spectroscopy are also less successful in determination of the structure of socalled intrinsically unstructured or intrinsically disordered proteins (Dyson and Wright 2005) . Intrinsically disordered proteins (IDP) consist of dynamic ensembles of inter-converting conformers and they exert their biological function by recognizing their binding partners through their disordered regions (Bourhis et al. 2007; Dunker et al. 2001 Dunker et al. , 2005 Dunker et al. , 2008 Dyson and Wright 2005; Ferron et al. 2006; Fink 2005; Receveur-Bréchot et al. 2006; Tompa 2002; Uversky 2002; Wright and Dyson 2009 ). Because of their inherent flexibility, intrinsically disordered proteins generally fail to crystallize in the absence of their partner(s). In the rare cases where crystallization of the free form is successful, it only leads to a snapshot of a single conformation that is not representative of the whole conformational ensemble (Timsit et al. 2006) .
Difficulties in the application of standard high-resolution methods for characterization of the three-dimensional structure of intrinsically disordered and membrane proteins therefore call for the development of alternative approaches. Low-resolution structural data can be obtained with small-angle X-ray scattering (SAXS) (Petoukhov and Svergun 2005; Svergun and Koch 2003) , circular dichroism (CD) (Fasman 1996; Kelly and Price 2000; Uversky 2002) , and atomic force microscopy (AFM) (Muller and Engel 2008; Pebay-Peyroula 2008) . Molecular dynamics simulations and other computational techniques reinforce alternative experimental methods, for example NMR spectroscopy (Arora and Tamm 2001; Castellani et al. 2002; Dominguez et al. 2003; Watts et al. 2004; Wüthrich 1986 ) and electron microscopy (EM) (Fleishman et al. 2006; Henderson 2004) . One alternative technique is sitedirected spin labelling (SDSL) electron spin resonance (ESR). This technique enables both structural and dynamic characterization of the local conformations of a membrane protein (or any other protein) in its native environment (Alexander et al. 2008; Fanucci and Cafiso 2006; Hemminga 2007; Stopar et al. 2005 Stopar et al. , 2006 . Site-directed spin labelling at multiple sites of proteins has been widely used for protein structure characterization (Huang and Cafiso 2008; Hubbell et al. 1998; Jao et al. 2008; Li and Fung 2009; Pistolesi et al. 2006) .
Recently, we developed a novel approach for protein structure characterization (Fig. 1) , based on modelling of the conformational space of the side chains of the amino acid residues. This methodology makes use of structural constraints extracted from SDSL-ESR spectroscopic data at multiple protein sites. In this paper we provide an overview of our latest progress in this field.
Structure characterization based on side chain conformational space restrictions Initially, our method of protein structure determination was applied to membrane-embedded M13 major coat protein (Š trancar et al. 2009 ) by using a combination of highthroughput SDSL-ESR experiments (Stopar et al. 2006 ) and protein modelling. The basic unit of the methodology is the restricted conformational space. Comparison of the simulated restrictions of the rotational conformational space of spin label side chains and the experimental conformational space determined from SDSL-ESR spectra is used to optimize the dihedral angles of the protein backbone, and its relative position and orientation (Fig. 1b) . This comparison leads to a family of favourable three-dimensional structures of a protein in a protein-lipid system (Kavalenka et al. 2009a) . At a later stage, this approach was employed for characterization of the structure of intrinsically disordered NTAIL protein in a complex with a partner protein XD (both are measles virus proteins) under different experimental conditions (Belle et al. 2008; Kavalenka et al. 2009b) . Recently, several improvements were introduced in the modelling of the conformational space and the calculation of the restrictions of the conformational space. As will be described in this paper, these advances in methodology were checked by application of the method to two other proteins: human pancreatic lipase protein (Belle et al. 2007 ) and equinatoxin II (Malovrh et al. 2003 ).
SDSL-ESR-detected local restrictions
In the experimental part of the methodology, site-directed mutagenesis is used to replace a strategically chosen amino acid residue with a cysteine. This cysteine is then targeted by a spin label (Hubbell et al. 1998) . After protein purification, concentration, and-if needed-reconstitution into the membrane, the spin-labelled protein sample is prepared for ESR experiments (Fig. 1a) . Taking into account that the spectral lineshape is highly sensitive to the motional properties of the spin label, the temperature has to be chosen in such a way that these motional properties will depend primarily on the protein structure, and not on the internal label properties. As a result of this condition the conformational space of a spin label attached to a protein, to be fully exploited, should be restricted by structural elements such as the protein backbone, rotational space of neighbouring amino acids, and lipids (for a membrane protein).
At low temperature the conformational space degenerates into a small number of low-energy conformational Fig. 1 Overview of the SDSL-ESR approach for protein structure determination. a Detection of the local restrictions from SDSL-ESR spectroscopic data. The method is illustrated for the NTAIL-XD protein complex spin labelled at two typical mutant positions S491 and L496. The method is based on site-directed mutagenesis, measurements of ESR spectra at different temperatures (the experimental spectra are shown in blue, the simulated spectra are in red), GHOST condensation, and determination of the significant motional patterns for each mutant position. b. The structure determination approach is based on modelling of the conformational space of the amino acid side chains. This modelling is coupled to SDSL-ESR spectroscopy, and enhanced by structure optimization. Optimization starts with an initial structure, and finally provides a family of favourite structures. c The determination of local restrictions is based on modelling of the conformational space. This method includes modelling of the protein structure (parameterized by pairs of backbone dihedral angles u and w), modelling of conformational spaces of the side chains, and calculation of the conformational space restrictions. The method is illustrated for the NTAIL-XD protein complex spin labelled at two typical mutant positions L496 (at the interacting part of the NTAIL-XD complex) and V517 (at the disordered part of NTAIL) (Kavalenka et al. 2009b) Eur Biophys J (2010) 39:499-511 501 states (rotamers), which depend mostly on minimization of the internal energy in accordance with the angular potentials of the rotamer. However, when the temperature increases, the side chains start to exploit their full rotational spaces, which at the same time become restricted because of steric overlap with the more rigid backbone and because of sharing physical space with the side chains of the neighbouring amino acids. If the temperature is increased even further, the backbone can lose its stable conformation. This state of the backbone will lead to an undesired situation for our methodology and should be avoided. Therefore, the lifetime of the protein backbone should be long in comparison with the nanosecond time-scale of the ESR experiment. Under this condition, slow backbone motions will not be reflected in the ESR spectral lineshape, which is then mainly determined by the fast motions of the spin label side chain. If the lifetime of a protein conformation is shorter than the ESR time window, both backbone and side chains will contribute to the ESR spectra, preventing the extraction of useful structural information from the lineshape. In such a case, the protein backbone dynamics might be slowed down by increasing the viscosity of the environment, e.g., by addition of sucrose, or by lowering the temperature. In any case, it is advantageous to measure ESR spectra at several temperatures. After acquiring a temperature series of ESR spectra at each mutant position, spectral simulations and optimizations are used to extract the appropriate motional patterns (Fig. 1a) . Because the approach of ESR spectra simulation has been developed previously (Schindler and Seelig 1973; Š trancar et al. 2000) , only the main issues related to the physical background of the spectral parameters are discussed here. First, two parameters are used to parameterize the partial averaging of the rotational motion within a cone model, i.e., by defining the anisotropy of the cone with the opening angle # 0 and an asymmetry angle u 0 . Second, the traces of the interaction tensors g and A are linearly corrected with the parameters p A (Marsh 1981) and Prot (Steinhoff et al. 2000) that take into account the effects of polarity and proticity, respectively. Third, when calculating the convolution of the magnetic field distribution and basic lineshape, two linewidth parameters are also used: a single (effective) rotational correlation time, s c , and an additional broadening constant W. The rotational correlation time defines a Lorentzian-type lineshape in the motional narrowing approximation (Nordio 1976) , while the additional broadening constant arises primarily from unresolved hydrogen superhyperfine interactions and contributions from paramagnetic impurities (e.g., oxygen), external magnetic field inhomogeneities, field modulation effects, and spin-spin interaction.
To take into account a superposition of motional patterns, which often arise because of multiple global conformations or because of heterogeneity at local sites, the basic set of parameters # 0 , u 0 , s c , W, p A , and Prot is expanded for each of the N c spectral components. In addition, there are N c -1 weights, d, of these spectral components. Thus altogether, there are 7N c -1 spectral parameters, which have to be resolved by the spectral optimization routine. Taking into account the resolution limit of spin label ESR to be around 30 parameters, this allows the use of at most four spectral components (Stopar et al. 2006; Š trancar 2007; Š trancar et al. 2005 ). An hybrid evolutionary optimization (HEO), a combination of a genetic algorithm and a downhill-simplex local search (Filipič and Š trancar 2001; Š trancar et al. 2005 ) is used to find the set of spectral parameters that produces the best fit to the experimental ESR spectrum. To guide the optimization, which solves an inverse problem, a common fitness function is introduced. Typically the fitness function is the reduced v 2 , calculated from the sum of the squared residuals between the experimental and simulated spectral points divided by the squared standard deviation of the experimental points and by the number of points in the experimental spectrum (in our case 1,024).
The hybrid evolutionary optimization routine starts with a random initialization of a population of 400 solutions, and continues with the tournament selection and application of genetic operators (i.e., three-point crossover, uniform mutation, and local improvements performed with downhillsimplex) for 100 generations (Filipič and Š trancar 2001; Š trancar et al. 2005) . The elite set is used to keep track of the best individuals. The implementation of a shaking operator guarantees diversity even within a single hybrid evolutionary optimization run (Kavalenka et al. 2005) , reducing the number of optimization runs down to 20. Such a number is sufficient to accumulate a final set of 200 sets of parameters of spectral components, which are then filtered, grouped and graphically presented with a so-called GHOST condensation algorithm. The efficiency of the spectral simulations and optimization of the spectral parameters is checked by inspecting the values of the fitness function v 2 , which should be below 10 at a signal-to-noise ratio of about 200. Another important indicator of successful spectral optimization is an equal contribution of different runs into the final set of solutions, which is measured in terms of the run flatness parameter. This value should be above 70% (Kavalenka et al. 2005; Š trancar et al. 2005) .
In the GHOST condensation algorithm, solution density filtering eliminates isolated (less frequent) solutions, while filtering against the goodness of fit only maintains the solutions which successfully describe the spectrum (Š trancar et al. 2005) . The filtered solutions are grouped into domains (motional patterns) and presented in terms of two-dimensional cross-sections (# 0 -u 0 , # 0 -s c , etc., as in Fig. 1a ) for visual checking of the solutions. There is no need to predefine the complexity (i.e., the number of spectral components when simulating the experimental spectra) at any spin label position in advance, because it is obtained automatically from the GHOST condensation and domain recognition procedure. Finally, the solution domains are parameterized by a centre-of-mass and second moment of each type of spectral parameter. Some parameters are then combined into more physically relevant quantities, such as the free rotational space X and normalized rotational diffusion constant D:
Both X and D describe the motional patterns as detected by SDSL-ESR at each mutant position. The free rotational space X describes the anisotropy of the rotational diffusion of a spin-labelled side chain and represents the local restrictions imposed by all surrounding structural elements. The normalized rotational diffusion constant D describes the rate of rotational diffusion of the spin label and is defined in such a way that it eliminates the influence of the anisotropy of the rotational motion on the rotational correlation time. Therefore, it reports about the environment in which the spin label is wobbling. Typically, the normalized rotational diffusion can show a transition from amino acid side chains positioned in the aqueous solution to positions within a membrane. Additionally, it superimposes also the effect of backbone mobility, i.e., if backbone movement becomes fast then the normalized rotational diffusion constant D also will increase.
Spectral simulation and automatic optimization of the spectral parameters help to characterize the site-specific motional properties in a well-defined and high-throughput manner. However, the detected motional patterns should be checked for reliability before interpretation, or before further usage for protein modelling and structural optimization. As ESR spectra are always noisy, it is impossible to analyse a single spectrum precisely. Thus, to increase the reliability of the analysis, ideally a suitable series of ESR spectra has to be measured, analyzed and interpreted jointly. Depending on the subject of the research, an experimental series of different spin labels, various environments and/or chemical concentrations can be applied. However, performing measurements and comparing results at different temperatures is the most straightforward approach to removing artefacts from the spectral analysis. This cleaning can be easily done in terms of a so-called ''bubble diagram' ' (Figs. 1a, 2) . In this diagram the average characteristic values of the chosen parameter (such as the free rotational space X, rotational diffusion D, etc.) are plotted against the property of the series (e.g., temperature, or mutant position). The bubble size is related to the spectral weight of the motional pattern, and the vertical bar at each bubble represents the second moment of a distribution of that particular motional pattern in the phase space. Such a representation allows the determination of general trends of significant patterns in the data series, and recognition of numerical and computational artefacts by applying the following criteria. Reliable domains should appear regularly and consistently in the series of the external variable, e.g., by having a locally monotonous temperature dependence of X. Further, isolated solutions and solutions with a spectral weight below a certain threshold of a few percent are discarded. In addition, spectrally irrelevant solutions (e.g., that describe none of the spectral features) are deleted. In the final presentation only the patterns that meet all mentioned conditions are kept.
To illustrate this ''cleaning'' strategy, a check of a typical temperature-dependent series of ESR measurements at a chosen mutant position, resulting in a series of motional patterns, is shown in Fig. 2 . Irregular temperature behaviour (at 279, 281, and 283 K) indicates a deviation due to inappropriate filtering of the optimization results. It is expected that the temperature dependence of any parameter of our system is monotonous, unless it feels a major structural rearrangement, for example a phase transition. It is therefore expected that motional patterns evolve smoothly in some small temperature range. Therefore, deviating solutions are very likely to be caused by numerical artefacts. For the same reason, isolated solutions originating from either insignificant motional patterns with a small spectral weight, or inappropriate spectral components fitting noisy spectral details (e.g. small-weight patterns at temperatures 308, 310, 312 K), are also irrelevant (Fig. 2a) . To increase the accuracy of the structure determination, all these inappropriate solutions should be systematically removed.
Temperature dependencies can also be used to verify the main assumption in modelling the conformational space, i.e., that the backbone motion should be slow on the ESR time scale, whereas the motion of the side chains should be fast. This effect can be diagnosed by a sudden transition in the free rotational space as a function of temperature. In such a case, ESR experiments at several temperatures are needed to identify whether the protein is in a permanent disordered state, or if the lifetime of the backbone conformation is too short.
Finally, the complexity of the motional patterns should also be taken into account. More than one reliable motional pattern at a site obviously means that the spin label feels different restrictions to its wobbling space. For example, a completely unrestricted motional pattern could indicate nonspecific labelling at unrestricted positions in the protein (i.e., the terminal ends). However, any situation where more than one motional pattern is revealed with a significant contribution means that there are coexisting local protein conformations. In modelling of the protein any of these patterns can be used, and appropriate structures can be derived accordingly.
Local restrictions determined by modelling of the conformational space
In SDSL-ESR spectroscopy a protein is labelled at a specific site with a spin label of a size slightly larger than the size of the largest amino acid residues. Together with hightemperature conditions, this guarantees that the fully exploited conformational space of the amino acid side chain becomes restricted by steric overlap with the local backbone conformation and by the conformational spaces of the neighbouring amino acids. In addition, the surrounding phospholipids (for membrane proteins) affect the conformational space of the spin label. To employ these restrictions for protein structure determination, the conformational space has to be measured experimentally and simulated at the same time and then compared. In this respect, it is important to note that the ESR experiment is insensitive to the exact atomic coordinates, but very sensitive to the motional anisotropy of the nitroxide group. Therefore there is no need for precise calculation of a side chain conformation. Instead, the relative probability of side chain conformations in the conformational space of the . Removing spectral components of low intensity, or components that fit noise in the tails in the ESR spectrum (see motional patterns at 308, 310, 312 K marked with dashed ovals) allows focussing on the most important meaningful motional patterns. For illustration, the motional patterns at 308, 310, 312 K are numbered 1-3 and the corresponding ESR spectral components of the simulated 310 K spectrum are presented on the right spin label has to be determined. A calculation should also take into account the average space-sharing effects of all surrounding wobbling chains from the neighbouring amino acid side chains of the protein(s) and alkyl chains of the lipids, when present. The protein backbone structure is parameterized by the dihedral angles u i and w i at each i-th amino acid residue, following the attachment of the amino acid side chains to the backbone (Fig. 1c) . It is assumed that atomic structures of the spin label and amino acid residues can be constructed using an approximation of fixed bond lengths and bond angles (Xiang and Honig 2001), based on previously reported values (Engh and Huber 1991; MacKerell et al. 1998; Word et al. 1999 ). In the modelling, the unrestricted conformational spaces of all amino acid side chains are attached to their respective backbone C a atoms, which are assumed to be fixed in space. The unrestricted conformational space is a result of the rotations of the side chain of an amino acid, or of a spin label around single bonds. The side chain is rotated around its single bonds in different steps in accordance with the type of amino acid residue (or spin label). The steps in these rotations are derived by taking into account that the most computationally demanding step in conformational space analysis is calculation of the restrictions of the conformational space. This calculation involves checking of the overlap between side chains, which quadratically depends on the number of rotamers in the conformational space. Therefore, it is clear that the number of rotamers has to be reduced as much as possible, however, while maintaining a certain degree of accuracy.
Calculation of the restrictions of the conformational space of the spin label (Štrancar et al. 2009 ) starts with the determination of the effect of backbone overlap. This calculation involves checking all the individual spin label conformations for overlap with the backbone atoms. While constructing the unrestricted conformational space, conformations that have internal overlap are discarded. The effective van der Waals radii, which are used for internal steric clash checking, are the original Van der Waals radii reduced for allowing a soft overlap according to Grigoryan et al. (2007) , Ho et al. (2003) , Shetty et al. (2003) , and Tombolato et al. (2006) . Because the backbone motion is assumed to be fixed, the statistical weight of a conformation that overlaps with the backbone is set to zero, i.e., all such conformations are forbidden. All conformations that are not forbidden are then checked for overlap with neighbouring amino acid side chains. This overlap is determined by a reduction of the statistical weight of the i-th conformation P i initial proportional to the number of conformations of the k-th neighbouring residue N k overlaps , with which it shares space:
where N k all is the total number of the k-th neighbouring residue. If there is more than one overlapping neighbouring side chain, the probability for each of the overlapping pairs of conformations is factorized:
If the spin-labelled protein site is in a transmembrane region, the conformational space is further reduced because of the restrictive effect of the fluctuating alkyl chains of the phospholipids and the restrictive effect of lipid head groups (Marsh 2008) . In contrast with the restriction calculations that arise from the backbone and side chains, in the case of lipid effect the steric overlapping effect cannot be derived explicitly by calculating the overlap of atoms and groups. This arises because the position of the atoms of the lipids is not precisely known. Therefore, it is clear that the lipid effect has to be introduced in the calculations in a more phenomenological way.
In the simplest approximation the effect of the alkyl chains of the phospholipids should take into account following assumptions (Š trancar et al. 2009 ): 1 side chain conformations, which stretch out from the main body of the protein perpendicular to the lipids, should be restricted to the greatest extent; 2 there are minimal restrictions in cases of parallel alignment to the membrane normal; 3 lipid ordering is effective as soon as there is any nonzero angle between the side chain of a spin label and a lipid alkyl chain, meaning that the derivative of the lipid effect should be linear when # angle approaches zero; 4 perpendicular and near-perpendicular conformations should be restricted by approximately a similar extent, meaning that the derivative of the lipid effect should be zero when the angle approaches p/2; and 5 the amplitude of the lipid effect on the conformational space of the side chains can be deduced from the effect of electron density profile (static restriction, highest at the membrane surface; Wiener and White 1992) and from the effect of lipid chain rotational conformational space (dynamic restrictions, increasing towards the centre of membrane; Vermeer et al. 2007 ).
All these approximations can be merged into a probability function for the lipid effect, given by:
where P 0 i is the statistical weight of the i-th conformation after the restrictive effects of protein backbone and Eur Biophys J (2010) 39:499-511 505 neighbouring residue side chains have been applied. This description of the lipid effect is in agreement with results of recent molecular dynamics simulations studies, which show that aromatic, polar, and charged amino acid side chains tend to orient along the membrane normal (Johansson and Lindahl 2006; MacCallum et al. 2008) .
As can be seen from Eq. 5, we assume that the lipid effect is depth-independent. This is reasonable, as the two restrictive effects from virtually fixed headgroups and more flexible tails sum almost to a constant effect at different membrane depths (Vermeer et al. 2007; Wiener and White 1992) . Finally, the probability of each conformation can be derived by combining all restrictive effects (Š trancar et al. 2009 ):
Because ESR spectroscopy is sensitive to the orientation of the spin label nitroxide group relative to the external magnetic field, the distribution of conformational orientations is reflected in the measured ESR spectrum. From all restricted rotamers of the modelled conformational space of the spin label, the distribution of nitroxide NO vectors can be characterized and compared with the related characteristics extracted from the ESR spectra. The cone model of spin label motion that is used in the analysis of experimental ESR spectra (Kavalenka et al. 2005; Stopar et al. 2006; Š trancar et al. 2005) , is parameterized with the angles # 0 and u 0 , both defined in the range (0; p/2). These angles describe the amplitude and anisotropy of the spin label rotational motion within a cone, respectively. For example, a large # 0 indicates a larger (more open) cone (fewer restrictions of the conformational space from the top), while a large u 0 indicates less anisotropy (more symmetry), i.e., fewer restrictions of the conformational space from the sides. Both angles # 0 and u 0 are combined into a simulated normalized free rotational space X sim (Stopar et al. 2006) , which is defined similar to Eq. 1 (Kavalenka et al. 2009a) .
The best way to check the accuracy of the modelling of the conformational space is to compare restrictions calculated from known structures at particular sites of a protein with the restrictions detected by SDSL-ESR, or with those derived from molecular dynamics simulations. This was done while exploring the equinatoxin II system (Malovrh et al. 2003 ) (position 18) and human pancreatic lipase (Belle et al. 2007 ) (position 249). The structures of both proteins have been determined by X-ray crystallography (Athanasiadis et al. 2001; Winkler et al. 1990 ). For equinatoxin II, NMR structures also were available (Hinds et al. 2002 ). These protein structures were then used to calculate the restrictions of the conformational space and to compare them with those detected by SDSL-ESR. As can be seen in Fig. 3 , the measured and simulated free rotational spaces agree well. The only exception is the result from molecular dynamics simulations, which shows a too restricted conformational space. This discrepancy can be explained by the relatively short simulation time of the trajectory (20 ns). As the length of the trajectory is only a few times longer than the ESR time-window, only a few conformations of the full conformational space will be sampled, resulting in a small (restrained) conformational space. Based on these analyses, we conclude that relatively simple modelling of the conformational restrictions of the amino acid and spin label side chains can be used to simulate the SDSL-ESR data at local protein sites, without considering the details of the local dynamics of the side chains. (Hinds et al. 2002) , diamonds result from modelling of the conformational space from the X-ray data (Athanasiadis et al. 2001; Winkler et al. 1990 ), triangles result from modelling of the conformational space from the molecular dynamics data. The molecular dynamics simulation was performed using the CHARMM 27 force field (Brooks et al. 1983) , the spin label parameters were obtained from Fajer et al. (2007) , and the restrictions were calculated from a 20-ns trajectory of EqtII in explicit water. The size of the symbols is proportional to the weight of the motional pattern detected with the GHOST condensation method Structure optimization
The comparison of the simulated values for X sim with the normalized free rotational space X exp extracted from SDSL-ESR experimental data (Stopar et al. 2006; Štrancar et al. 2009 ) is used to govern an optimization algorithm, which tunes the secondary structure of the protein and the parameters of its relative orientation and position (Fig. 1b) . The optimization module is based on a stochastic algorithm of the Metropolis Monte Carlo family (Kirkpatrick et al. 1983 ) with several elements of the evolutionary optimization (mutation, crossover, elite operators) (Eiben and Smith 2003; Fogel et al. 2000) . However, unlike the conventional evolutionary algorithm, each optimization run optimizes just a single structure (and not a population of structures). A single run of optimization (Fig. 4) , which counts for 200 generations, starts with initialization of a protein structure (setting the pairs of backbone dihedral angles {u i , w i } and the relative orientation and position of the protein in the system) ( Table 1 ; Fig. 5 ), and initialization of the optimization parameters and constants (for example selection, mutation, crossover, elite, and shaking).
In each generation, the optimization parameters and the dihedral angles of the protein backbone are updated first (these parameters usually change with run generation number N gen ). Then the current structure of the protein system is modified by internal operators (modification of the secondary structure of a protein via a mutation and crossover operators applied to the backbone dihedral angles) and external operators (modification of the position and orientation of the protein towards the membrane, or towards the other protein). The external operators also include a rotation of the protein around its long axis, given by the angle u (relevant for helical chains; Fig. 5 ). Table 1 gives the parameters of the protein-lipid model, or protein complex model that can be optimized. At several stages in the optimization procedure, the protein structure in the system is checked for steric clashes. In cases of internal steric overlap, the algorithm returns and makes another try with the current operator. A maximum number of clashed structures is allowed in one generation. If this number is achieved the current problematic structure is replaced with the initial structure to protect the algorithm from going into a dead end. After the new structure is generated, the local restrictions at the mutant positions are calculated, and the obtained restriction profile X sim is compared with the experimental restriction profile X exp by a goodness of fit as follows:
where N is the number of spin-labelled mutants, X exp,i and X sim,i correspond to experimentally derived and simulated free rotational space values at the i-th mutant position, and Fig. 4 Scheme of a single run of the algorithm for protein structure optimization. The algorithm is split into several functional parts: internal structure optimization operators (red box), external structure optimization operators (yellow box), restrictions calculation and data fitting (orange box), decision-making part (green box). The algorithm includes modelling of the lipid effect, as is needed for membrane proteins (Kavalenka et al. 2009a) . The run generation number is N gen . N max is the maximum number of generations, typically 100 Eur Biophys J (2010) 39:499-511 507 DX exp,i represents the second moment of the experimental free rotational space. The minimum value of v 2 in a single run is defined as v best 2 and corresponds to a protein structure which produces restrictions for the conformational space with the best fit to experimental data. If the goodness of fit v 2 of a current structure is better than v best 2 , then v 2 replaces v best 2 and the current structure becomes the parent for the structure in the next generation and the fine-tuning mutation mode is turned on. Even if v 2 of the new structure does not outperform v best 2 , it may still become the parent for the new generation, if the Metropolis criterion (Metropolis et al. 1953 ) is satisfied. If the new structure is rejected, the parent stays the same as in the previous generation. However, with some probability (depending on the number of consequent unsuccessful generations) the current structure is replaced with the one that corresponds to v best 2 to let the algorithm produce good-fit structures still within the current generation. Finally, each structure with calculated restrictions is split into short subsequences with the corresponding goodness of fit (fitting the corresponding part of the experimental data). Any successful subsequence updates the elite database, which is used later for elitist crossover. The algorithm repeats this main loop until the maximum number of generations is reached. The outcome of the optimization is always a family of best-fit protein structures, which agree with the experimental SDSL-ESR data. Note that in the case of a membrane-embedded protein the protein structures are found relative to the membrane (Kavalenka et al. 2009a) , whereas in the case of a protein-protein complex the family of favourable structures is determined relative to the partner protein (Kavalenka et al. 2009b ).
For a protein-protein complex, spin labels can be placed on both proteins and, consequently, both structures can be optimized, including their relative orientation. For larger proteins, or membrane proteins that span the membrane several times, the protein backbone can be split into a set of protein domains, separated by loosely structured loops. The assignment of loosely structured loops and terminal ends could be carried out via the normalized rotational diffusion, being much higher in the unstructured parts compared with the structured parts, for example transmembrane domains (Kavalenka et al. 2009a; Stopar et al. 2005 Stopar et al. , 2006 .
Computational demands
Our method requires solving of an inverse problem, both in the GHOST analysis and in the protein structure optimization. Generally, this means that these procedures are very time-consuming. Therefore, in our work much effort was devoted to speeding up the numeric calculations. Because the computational demand of the modelling of the (Kavalenka et al. 2009a) . The protein is shown with the conformational spaces of the amino acid side chains and spin label. The starting, tm start and ending, tm end residues of the transmembrane part of the protein and a reference n ref residue in the centre of the transmembrane domain are highlighted. The yellow planes indicate the restrictive region of the lipid bilayer. b NTAIL protein, presented by backbone atoms relative to the partner protein XD (Kavalenka et al. 2009b ). Both protein systems are parameterized according to Table 1 conformational space strongly depends on the number of dihedral rotations, we optimized the generation of the conformational space by discretizing the experimentally derived probability histograms of the side chain rotamer angles (Dunbrack 2002; Dunbrack and Cohen 1997; Dunbrack and Karplus 1993; Lovell et al. 2000; Ramya Bhargavi et al. 2003; Vasquez 1996) of each single bond rotation for each type of amino acid side chain. The optimization efficiency was further increased, in particular by introduction of a special operator that keeps track of successful structural segments (that successfully fit the corresponding segment of the SDSL-ESR-based restriction profile) and by introduction of an operator for local structural tuning. Currently, characterization of a 50-amino acid membrane protein with 27 spin label positions (Kavalenka et al. 2009a ) takes about five weeks of CPU time on a small 20-core (2.3 GHz) computer cluster. One week was needed to analyse SDSL-ESR data and to extract the corresponding motional GHOST patterns. The GHOST analysis was then used in protein structure optimization, which took another four weeks of CPU time to obtain 1,000 best-fit structures by evolving through approximately 200,000 protein structures. The computational demand is roughly linearly dependent on the protein size. Similarly, the methodology also allows a linear decrease of computational time by increasing the computational power. It should be noted that protein structure optimization is practically inaccessible if molecular dynamics simulations are applied to derive the restrictions of the conformational space, even with a much larger computer cluster size. This impracticability arises because the molecular dynamics simulations should reach an ESR averaging time of a few nanoseconds for each of the structures scanned.
Complementarity to other methods
Our method is comparable with the distance geometry approach employed in two-dimensional solution NMR spectroscopy that also results in a family of structures (Bax 1989; Castellani et al. 2002) . However, the number of restraints used in the modelling in our method (free rotational space and rotational diffusion) depends on the number of available spin-labelled protein mutants. Such a data set is smaller than the data set available from NMR spectroscopy (nuclear Overhauser effect, one-bond and three-bond J-coupling, carbon and proton chemical shift, and rotational diffusion anisotropy) (Brunger et al. 1998 ). The number of restraints could be increased by producing more spin-labelled protein mutants, or by using additional structural restraints from other low-resolution methods (e.g., distance measurements by fluorescence spectroscopy or dual-spin label SDSL-ESR, global conformation constraints by SAXS and CD).
Even though ESR spectroscopy is insensitive to the exact atomic coordinates, sensitivity to the anisotropy of the local conformational space of the spin label and the corresponding modelling of the conformational space allow the determination of the backbone fold with almost atomic resolution. However, there is no structural information about individual side chain conformations. Instead the protein can be represented as a space needed for all the side chains to wobble. The ability to track the protein structure and dynamics in a native environment and at physiological temperature is one of the great advantages of the proposed method. Another advantage is the higher sensitivity of ESR than NMR, which means that much lower concentrations of protein samples are needed to perform the experiment (Hemminga 2007) .
